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ABSTRACT

‘Felerobotic inspection can be used in environments that are t00 hazardous, removed or expensive for d irect
human inspection. Telerobolic inspection is a complex task requiring an operator to control and coordinate a
robot and sensors, while monitoring and interpreting sensor data to detect flaws. A virtual window telepresence
systemn has been developed to aid the operator inperforing these inspections. While the operator is looking at
amonitor displaying stereo video fromncamecras mounted onthe robot, the system tracks operator head position
and moves the robot to create the illusion that the operator is looking out a window. This iuterface allows the
operator to naturally specify desired viewpoint and enables themn to concentrate 011 the visual examination of the
area that may contain a flaw.
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1 INTRODUCTION

Space platforms opcrate in a very severe environment and need to be periodically inspected for the effects of
micro-1neleorites, radiation]], extreme temperatures, €c.'Bugineering reviews of the proposed space station have
found that inspection and maintenance may consumnte more time than astronauts will have available.? Telerobotic
inspection, cither fromn inside the platforin or from the ground, is an alternative to expensive Ixtra V ehicul ar
Activitics (1EVA) by astronauts.

The Remnote Surface Inspection (1{.S1) project a the Jet Propulsion Laboratory (3PL), California lInstitute
of Technology has been developing technologies to automate the inspection process and facilitate telerobotie
inspection.® It has developed an operator interface that integrates aspects of planning, control and sensing
required for telerobotic inspection.®*To test and demonstrate these capabilities, it controls a 7 degree of freedomn



Figure 1 Ramote Surface Tuspection Lahoratory

Robotics Rescarch Corp. 1207 robot mounted on & rail 10 position an integrat ed sensor end effect or to performn
multi-sensor inspection of a one third scale 1iockup of aspace station truss assetnbly (Figure 1 ).97% The end

effector includes a pair of cal eras configured for sterco video and used for human and machine visual iuspection.

The interface provides for manual aud autonomous control of the robot and manual and autonomous inspection.
Once a potential flaw has been detected either by an operator or an auton yated inspection systeni, someone 1 st

examine the area of the potential flaw to verify and characterize 1t This is usually done by the operator taking
ma nual control of the robot and positioning the cameras with joysticks to view the arca from diflerent locations.
It is for this examination thata virtual window telepresence capability hias been integrated into the interface.
The goal of the virtual window telepresence systeny 1S (o free the operator fron explicit control of the robot and
allow him/her to concentrate on examination of the potential flaw.



2 VI RTUAL WINDOW

2.1 Approach

The area that neceds 1o be examined for anindividual flaw is typically sinall. ‘J lhic operator needs 1o observe
this Iocalized area from diflerent ViCW])OiIlt-S. To aid the opcrator pcrfonning the cxaminal,ion, we create a virtual
window necar the arca of the flaw. The exainination is done hy the operator ”looking through” this virtual window.
The view through the virtual window appcars on astereo video monitor inthe operators console. By tracking
the operator’s head position as they look at the monitor and moving the robot in a coordinated manner, the
virtual window system creates the illusion that the monitor is arcal window located atthe position of the virtual
window. This provides a fecling of telepresence as if the operator had »flown” the console and thiemiselves to the
Insp cetion site. The benefit of this is that the operator has a natural interface to specify the desired view of the
flaw area through the virtual window. in the presence of large time delays, wc canalso create a window into
our graphical model of thecnvironmentto control a stereo graphic display. The operator could then specify a
viewpoint with referen ce to the model and view the video returned once the remote site positioning has been
accomplished.

2.2 Implementation

2.2.1  Equipment

Proximity Sensors F o ] e i E, PP Video Carueras

Eddy Current Sensor Grippers

Temperature Sensor Gas Sensor

Controlled 1.ights

Figure 2: Virtual Window Hardware

To implement the virtual window, sterco video is provided by a pair of Toshiba] K-M41 A camcrasmountedon
the end effector of the robot. Thic camneras arc 11ovnted 7 cinapart and arc converged at 77 cin.*! 7.5 1 lenses
provide a 47 degree ficld of view. (Figurce 2 left) The cameras are connectedto a Crystalbyes Video view/record
unit which drives @ 13inch VGA monitor at 12 0 Hz; 60hz for cach eye. ‘The mouitor is viewed wearing Crystalliyes
Eycwear which consists of an LCD shutter for cachi cye synchronized to the monitor with aninfrared emitter,
Head position relative to the monitor is measured using the Logitech 6 DOY acoustic tracking systen that is
part of the Crystalbllyes VR product. The reccivers arc built into the Crystalliyes Fyewear and the transmitters
arcon atriangular frame 011 top of the monitor. (Figure 2right) An 1{ S 232 s¢rial connection provides t racking,
in formation to the control computer, a Silicon Graphics 413-310 VGX'T',



2.2.2 Algorithm

The head frame relative to the stereo monitor (4 7') is measured by the tracking systemn. From this franie we
construct the desired end cffector (camera) frame relative to the virtua window (¥ 7). The desired orientation
of the cameras is the yaw and pitchrelative to the virtual window necessary to have the caneras point at the
virtual window.The rotation matrix for this orientation is calculated from the mecasured head position vector as:
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It should be noted that the orientation of the operators headis not used at all to calculate the desired camera
frame. Views through a window arc constrained by the relative position of the window and the eyes. If the head
is oriented to look away frointhe window the view through the window for that position would not and should
not change.

Calculating the desired position vector of the end cffector relative to the virtual window is complicated by the
fact that wc are using fixed focal lengthcameras. Whenlooking at objects through a real window, as you move
your eyes closer to the window, your field of view throughthe window increases. The app arent size of objects on
the other side of the window aso increascs. Had we becn able to usc controllable zoom lenses, we would have
used asimple unity mapping of relative head positionto relative end eflector position and adjusted the focal
Iength of the lenses so that the ficld of view of the camerasnatched the angle subtended by the monitor to the
eye. However, the current end effector contains fixed focal length camecras. Given this limitation, we are able to
produce a mapping such that objects a given fixed distance behind the virtual window will appear fixed inspace
at a constant size. Theappearance of objects further or closer than this distance will undergo a distortion that
may be perecived as the object shrinking or growing in size or moving closer to or further from thc operator as
the operator moves further or closer to themonitor.

Anobject of size (»,) adistance (d,) behind @ screen of size (r,) adistance (d, ) fromthe eye would have
an apparent size (r o) onthe screen (Figure 313). A camera a distance (d.) from a virtual window with a field of
view () looking a the samc object will image an area of size (v} a the depth of the object (Figure 3C). Since
the area that hie camnera images Will be displayed on the monitor screen, for the object to appear t0 remain a
constant size:

(2)
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Figure 3 Position mapping

‘The apparent Size of the object is a functlion of distance from the eye to the screen:

d.r
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The area a camera with field of view (7) will inage isa function of’ the distance from the camncrato the virtual
window:

re = (de -t do)tan(y) (4)

We can simplify this equation by noting that the ficld of view of the camcramatches theangle subtendedby
a real window the size of the video screen (Figure 3A) at a distance (d,), ) or:

tan(y) = i ®)

Substituting, we get:



(6)

Solving this for camera distance we get:
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We usc equation 7 to map cach component of' the mcasured head position vector to the desired end eflector
position vector. This position vector and the previously calculated rotation matrix specify the desired end effector
framnc relative to the virtua window.

When head tracking is initiated, the position of the virtual window inthe world (% ') is established relative
to theinitial end effector (camera) framnc (F1) according to:

VoI =B ke (8)

Yor each subsequent sampling period the desired endeflector fraine is calculated as:
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3 DISCUSSION

This systemn is an example of non-immmnersive telepresence. Animmersive systemn would use a head-rnourltcd
display (1IMD) or multiple large screcus to surround the operator. The advantage of this technique is that it
dots not interfere with the operator seeing and using other components of the control console . 1t is much less
encumnbering than an HMD because the operator only need wear the LCI shutter glasses, andthey need not be
reinoved while using other part of the system. in an Ilcad-mounted systemn, the operator must remove the HMD,
often a large and heavy device, to usc displays and controls that arc not part of the iinmersive environnent.
The advantages over a surround systcin are its compactness and simnplicity. For this application a feeling of total
inmnersion is not  required.

This impleinentation IS unique in that it uses both video images and viewpoint positioning. Most video
systems only control pan, tilt and sometimes roll angle of thecameras based onoperator head tracking. Graphical
euvironment systemns usually map head position to view point one to one.  The problemn with these systems is
that they create anapparent motion of the environment as the operator rotates their head that dots not occur
inthe real world. T'olook to the right using these systemns you must turn your head to the right andlook back at
the monitor to the left. with your eyes. If you want to look away frointhemonitor, for example to look at another
display, you will create an unex pected and confusing shiftin the virtual environment. This problem comes from
trying to map the immersive domain to a non-immersive display. This virtual window systemn produces a stable
virtual display that behaves intuitively. It is especially useful when you wantto preserve a viewpoint but need
to look away to operate anot her control.



4 FUTURE PLANS

This system represents the initial implementation of a virtual window system. We planto do experiments
to deterinine if and to what extent the systemn is beneficial compared to manual coutrol of the robot. We will
[I]ca.sure thetime reguired to examine the flaw andthe operators ability to detect flaw characteristics such as
flaw depth. We will also explore the operators subjective impressions of the ease of usc of and preferences for the
system.

The current imnplementation dots a good job of producing the correct viewpoint and minhmizing object size
distortions to produce the illusion of looking through area window. Future implementations might iuclude camera
focal length controlto account for relative monitor distance as well as image processing (warping) to account for
oblique viewing of the monitor screen as the operator moves around it. High bandwidth communication between
the operator console and the robot would be valid for ground robotic inspection systems that do not have the time
delays associated with space telcoperation. Fach of these would enhance the operators feeling of telepresence.
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